Time-dependent permeation characteristics of two fungicides azoxystrobin and chlorothalonil into apples were investigated in the presence and absence of the cuticular waxes. Either apple samples which were subjected to waxremoving treatment or not (raw) were individually submerged in each dilution solution of the tested fungicides for a short time, and some of each submerged sample were then washed in running tap water. All apple samples were incubated under controlled conditions and collected sequentially after 1, 24, and 48 h. The collected apple samples were divided into four tissue parts before fungicide residue analysis: peel, pulp-1, pulp-2, and pulp-3. Most residues of azoxystrobin (70.7-86.4%) in apples were present in the peel, and the residual extents in the pulps increased by removal of cuticular waxes. By washing treatment, 52.3-69.2% of azoxystrobin residues in raw apples were removed. Meanwhile, all chlorothalonil residues were determined in the peel of apples, and their concentrations slightly increased by wax removal. However, significant chlorothalonil residues (84.5-91.1%) were removed by washing the apple surface. Results in this study may be extensively utilized as basic data to understand characteristics of cuticular permeation and translocation of fungicides applied on fruit crops.
Introduction
Residues of pesticides applied on crops can adhere to the surface and then permeate steadily into the flesh over time based on the following three-step process: sorption into epicuticular waxes, diffusion through cuticular membrane, and desorption into the apoplast and symplast of epidermal cells [1] . The epicuticle layer of crop surface is covered with aliphatic waxes consisting of aliphatic, triterpenoid, flavonoid, and phenolic compounds to prevent from losses of inner water and impacts by external force and xenobiotic [2] . The epicuticular waxes may facilitate the permeation of hydrophobic pesticides into the plant tissues, and surfactant ingredients contained in commercially available products of pesticides can promote such permeating interactions [3] . Numerous relevant studies have been previously conducted [1, [4] [5] [6] , but still little is known about the plant-permeating characteristics of pesticide residues in relation to effects of the epicuticular waxes [1] .
Pesticides which are relatively smaller in molecular size and more hydrophobic can have a greater potential to pass through waxy epicuticle [1, 7] . Physicochemical properties of pesticides can also affect the diffusive and advective transfer of the residues into deeper plant tissue parts [1, 6, 8] . Particularly, as pome fruits like apples are clearly distinguished between the waxy peel and the moisture-rich pulp (84%) [9] , the mobility of pesticide residues in the apples may vary before and after the permeation across the peel. A previous study reported that all residues of acetamiprid, ferbam, phosmet, and thiabendazole applied to post-harvest apples were retained only in the peel (60-160 μm of depth) [10] . However, other study showed that residues of insecticide acephate applied on apples were detected in the pulp at > 0.5 μg g −1 , which is its maximum residue level [11] .
Open Access Based on these previous results, it is required to understand the transfer and distribution characteristics of pesticide residues permeated into the pulp of apples. Pesticide residues deposited on outer surfaces of plants can primarily dissipate by external environmental factors associated with microbial activity, light, rain, temperature, and wind [12] [13] [14] [15] . Meanwhile, it is likely that the dissipation of residues permeated into plant tissues is attributed to internal factors such as hydrolysis by moisture in the flesh and metabolism by plant hormones and enzymes. Hence, pesticide residues present within plant tissues may not be easy to be removed using any of external treatment methods. Some studies showed that heating or frying food ingredients with water or oil could reduce significant amounts of pesticide residues [16, 17] . However, as fruit crops like apples are routinely consumed in a fresh state, several limited methods such as washing and peeling can be employed for removing the pesticide residues [18] . Thus, for fresh edible fruits, removal efficiencies of pesticide residues using washing and/or peeling treatments should be previously evaluated to consume them safely.
Fungicides azoxystrobin and chlorothalonil are largely used to control pathogenic fungi in apples and are commercially manufactured in a wettable powder formulation, containing different active ingredients of 10% and 75%, respectively [19] . Physicochemical properties of azoxystrobin and chlorothalonil are different in molecular weight (403.4 and 265.9 g mol −1
, respectively) and solubility in water (6.7 and 0.81 mg L −1 , respectively).
These differences between the fungicides may result in their different affinities with aliphatic cuticular waxes of crop surfaces and further contribute to describing different plant permeation trends between the fungicides. Based on results of pesticide residue monitoring study performed by Korean Ministry of Food and Drug Safety [20] , azoxystrobin and chlorothalonil were included in a group of pesticides, violating frequently the acceptable residue criteria of pesticides for agricultural products.
In this study, based on a high sensitive analysis method using liquid chromatography-mass spectrometry, timedependent permeation and distribution characteristics of two fungicides azoxystrobin and chlorothalonil in apples was investigated in the presence and absence of the epicuticular waxes. Additionally, removal efficiencies of the fungicide residues from apples by washing and/or peeling treatments were evaluated.
Materials and methods

Chemicals and reagents
Analytical standards of fungicides, azoxystrobin (99.7%) and chlorothalonil (99.5%) were purchased from Dr. Ehrenstorfer GmbH (Augsbug, Germany) and Kureha Co. (Tokyo, Japan), respectively. Wettable powder-formulated products of azoxystrobin (10%) and chlorothalonil (75%) were purchased from Agrotech Co. Ltd. (Wanju, Korea) and Kyung Nong Co. Ltd. (Daegu, Korea), respectively. Physicochemical properties of the fungicides are shown in Table 1 . Acetone, acetonitrile, dichloromethane, chloroform, and n-hexane were purchased 
Cuticular wax removal from apples
Apples of Fuji cultivar were purchased from an organic food market. Before experiments, all apples were washed well in running tap water with use of a kitchen detergent, and then moisture on the surface of apples was completely removed. Fifty apples were subjected to the removal of the cuticular waxes based on the wax extraction method reported in previous studies [5, 21] . Briefly, a pre-weighed apple was sonicated with 1 L of chloroform for 3 min using an ultrasonic bath (Bransonic ® CPX8800H-E, Branson Ultrasonics Corp., Danbury, CT, USA), after which exactly 500 mL of the extract was taken into a round bottom flask pre-weighed. The extract in the flask was completely evaporated in a 40 °C water bath using a rotary vacuum evaporator (Laborota-4000, Heidolph Instrument GmbH & Co., Germany), and the final weight of flask was recorded. The wax contents in apples were calculated using Eq. 1.
where W F,flask and W I,flask indicate weights (g) of flasks at final and initial times, respectively, and W apple is the weight (g) of apple before the wax removal treatment. Morphological changes of the apple surfaces before and after the wax removal were visualized using a field emission-scanning electron microscopy (FE-SEM; Hitachi S-4300 and EDX-350, Hitachi Instrument Inc., Tokyo, Japan) with platinum plating. Prior to the FE-SEM analysis, peels of wax removal-treated (WRT) and raw (non-WRT) apples were individually cut into small slices of 1 mm thickness using a razor blade, and they were then completely dried for 2 days using a freeze dryer (PVTFD 20R, IlsinBioBase Co. Ltd., Yangju, Korea).
Fungicide permeation experiment
Based on the pesticide's safe use guideline [19] , commercial products of azoxystrobin (1 g) and chlorothalonil (1.66 g) were diluted in 1 L of water to achieve dilutions of 1000 and 600 times, respectively, and the diluted fungicide solutions were used for the permeation experiment. All permeation experiments were conducted using a modified version of the method suggested by Brown and Dezman (1990) [4] . The raw and WRT apples (n = 24 for each) were individually submerged in each of diluted fungicide solution for 15 s and dried in a hood at ambient temperature for 1 h. The dried apples were incubated in an incubator
(1)
(JSPG-1500C, JS Research Inc., Republic of Korea) set as 25 ± 2 °C, 75 ± 5% humidity, and dark. Six apple samples from each of non-WRT and WRT groups were collected 1, 24, and 48 h after the incubation. Of six apple samples, 3 of each group were washed in running water for 20 s, and the wet surfaces were slightly wiped with absorbable papers to remove moisture. Remaining three apples of each group were tested without washing treatment. A branched part which is at the edge of apple was removed, and the peel was carefully cut in a 1-mm thickness using a fruit peeler (Buybraand Inc., China). Subsequently, the apple pulp was divided into three parts by cutting in the direction from the outer surface to inner seeds: i.e. pulp-1, pulp-2, and pulp-3 (Additional file 1: Fig. S1 ). The thickness of each pulp part was 6 mm, and the seeds were removed. The divided parts of each apple sample were individually weighed, homogenized using a grinder, and stored in a freezer at − 20 °C (GC-124HGFP, LG Electronics Inc., Republic of Korea) before fungicide residue analysis.
Sample preparation and analysis
Five grams of each of apple samples divided was weighed into a 50-mL polytetrafluoroethylene tube, including 10 mL of water, 10 mL of acetonitrile, and 3 g of sodium chloride. The tube was shaken at 2500 rpm for 15 min using a multi-tube vortex mixer (Henry Troemner LLC, NJ, USA) and centrifuged at 3000 rpm for 5 min using a 40 mL centrifuging rotor (MF300, Hanil Science Industrial, Korea). A 5-mL aliquot of centrifuged supernatant (acetonitrile fraction) was evaporated in a 40 °C water bath using a vacuum evaporator and then dissolved in 1 mL of acetonitrile. A 5-μL aliquot of the final sample solution was injected into analytical instruments. Azoxystrobin residues were analyzed using ultra-high performance liquid chromatography-tandem mass spec- The analytical residue concentrations of fungicides were recalculated with respect to their percent distribution extents in each tissue sample of apples using the respective weights of divided tissue parts of apples collected at each sampling time.
Instrumental conditions
For azoxystrobin analysis, the isocratic mobile phase of UHPLC system was 70% acetonitrile in water (v/v) set at a flow rate of 0.3 mL min −1 , and the ionization mode of mass spectrometry system was electrospray ionization (ESI) mode. Flow rates of nebulizing and drying gases (N 2 ) were 3.0 and 15 L min −1 , respectively, and the pressure of collision-induced dissociation gas (Ar) was 230 kPa. A temperature of desolvation line was 250 °C. Mass spectra of azoxystrobin were obtained based on mass values of precursor and product ions analyzed in positive Q3 scanning mode. For the multiple reaction monitoring (MRM) analysis, a precursor ion of azoxystrobin was m/z 403.8, and the product ions were m/z 344.1 and 372.1. Dwell time and collision cell energy were set as 100 ms and − 15 V, respectively, and pre bias voltages of Q1 and Q3 were − 21 and − 19 V, respectively. Meantime, for UHPLC-UVD analysis of chlorothalonil, the mobile phase was 70% acetonitrile in water (v/v) set at the rate of 3.0 mL min −1 in an isocratic mode, and a wavelength of the detector was 233 nm.
Quality control
For recovery tests, 5 g of each apple sample containing no fungicide residues (i.e. blank samples) were spiked with individual standard solutions of azoxystrobin and chlorothalonil at known concentrations of 0.02 and 0.10 μg g −1 . The spiked samples were analyzed in triplicate using the same analysis methods as previously described. Blank samples that did not spiked with fungicides were also analyzed as control samples to ensure that no interfering substances to the fungicide analysis were present in matrices. Additional blank samples were prepared to make MMC standard solution series (0.005-2.0 mg L −1 ) for the quantitative analysis of azoxystrobin. The standard solution series (0.005-2.0 mg L −1 ) of chlorothalonil for the solvent-based calibration were prepared in acetonitrile. The calibration standard solution series were analyzed for each test based on a blanket calibration method putting the analysis sequences of calibration solutions at both front and back ends of sample analysis sequences. Limits of quantification (LOQs, ng g −1 ) of fungicides in apple samples were calculated based on the minimum detectable amount (MDA, ng) (Eq. 2).
where V final (mL) is the final sample solution volume, and V inject (μL) is the sample injection volume. F dilution (no unit) and M sample (g) indicate the dilution factor (2)
during the analysis process and the used sample amount, respectively.
Permeation potential and removal efficiency
The permeation potential (PP) of fungicides into pulp parts of apple was evaluated using Eq. 3.
where M pulp and M whole are absolute amounts (ng) of fungicides in the pulp (sum of pulp-1, -2, and -3) and in whole apple body, respectively. The removal efficiency (RE) of fungicides from apples by washing treatment was calculated using Eq. 4.
where M before and M after mean the absolute amounts (ng) of fungicides in apples before and after washing treatment, respectively.
Results and discussion
Quality control for fungicide analysis method
The product ions of azoxystrobin analyzed using LC-MS. Fig. S2 ). The mass spectral patterns of azoxystrobin are similar to results reported in other study [22] . Analytical chromatograms of azoxystrobin and chlorothalonil using respective analysis instruments show that there were no impurity peaks interfering the chemical analysis (Additional file 1: Fig. S3 ). The linearity of calibration curves was acceptable with correlation coefficients of > 0.999, and the LOQs were properly low at 2.0 ng g were good at 81.2-99.4%, with relative standard deviations (RSD) < 9.8% (Table 2) . Thus, the fungicide analysis method established in this study was amenable to determining the residue amounts of azoxystrobin and chlorothalonil from peel and pulp samples of apples.
MS with a precursor ion of m/z 403.8 ([M + H]
Removal of apple waxes
Morphologic structures of surfaces of WRT and raw apples were visualized using the FM-SEM (Fig. 1) . The surface of non-WRT apple had an uneven layer of wax polymers formed in the granule type, which is one of 12 types of wax crystalloids [23] (Fig. 1a) . This irregular apple surface may be also attributed to strong adhesion of foreign materials and destruction of wax layers by microorganisms and atmospheric conditions, such
as chill, heat, drought, and irradiation [23] . Contrarily, the surface of WRT apple was clean without any of wax residues (Fig. 1b) , and this proves that the wax ingredient was clearly removed by the wax extraction method used in this study. A mean of wax contents in apples was 0.389 ± 0.0027 g which accounts for approximately 0.14% of the mean weight of apples (278 ± 20.8 g), and this wax content was similar to the value (0.12%) reported in previous study [24] .
Inward permeation of fungicides
In the preliminary experiments, each of initial and 48 h-incubated samples of apples submerged in fungicide solutions were analyzed in triplicate for whole fruit bodies without division of tissues, and the analytical results were then compared to confirm the fungicide dissipation of during the incubation. The differences between analytical concentrations of fungicides in initial and 48 h-incubated samples were < 8.2%, indicating that insignificant fungicide residues are dissipated during the 48-h incubation.
Based on residual results analyzed (Table 3) , percent distribution trends of azoxystrobin and chlorothalonil in each tissues sample of apples are illustrated in Figs. 2 and 3. For raw apples which were not subjected to the wax removal treatment, the greatest residues of azoxystrobin (328.7-340.5 ng g −1 ; 78.3-86.4% to the absolute amount of total residues) were found in the peel throughout the experimental period (Fig. 2a) . After 1 h of incubation, 13.6% of azoxystrobin residues (7.9 ng g −1 ) were observed in pulp-1, but no residues were found in deeper pulp parts. After 24 h of incubation, the distribution extent of azoxystrobin residues in the pulp-1 increased to 18.6-18.7% (11.7-12.1 ng g ) of the residues was found in pulp-2. This distribution extent in the pulp-2 was consistently maintained over the experimental period, and the residual concentrations in all pulp-3 samples were below LOQ of 2.0 ng g −1
. Overall results so far show a systemicity of azoxystrobin into deeper pulp tissues of apples (up to depth of 13 mm within 48 h). The systemic uptake and transfer of azoxystrobin into plants are also confirmed in results of other study [25] .
Residues of azoxystrobin also permeated into WRT apples. Although mean residual concentrations of azoxystrobin in initially-collected samples were similar between raw and WRT apples, the concentrations in each divided sample of WRT apples increased consistently over time: 346.1-441.7 ng g −1 in the peel, 20.9-24.6 ng g −1 in the pulp-1, and < 2.0 ng g −1 to 6.2 ng g −1 in the peel-2. These increases in concentrations might occur by shrink and weight-loosen tissues of apples, resulting from a consistent loss of internal moisture by a weakened water-retaining function after cuticular wax removal treatment [2] . Compared to results in raw apples, residual concentrations of azoxystrobin permeated into the pulp were 1.8-2.6 times higher in WRT apples (Table 3) . However, similar to the azoxystrobin distribution trends in raw apples, most of the residues were present in the peel (70.2-71.2%), followed by pulp-1 (26.2-28.8%), pulp-2 (2.8-3.6%), and pulp-3 (not distributed) (Fig. 2b) . Based on these results, the peel-pulp permeation potentials (PPs, %) of azoxystrobin in WRT apples were 28.8-29.8%, which were higher than the values (13.6-21.7%) in raw apples (Table 4) . Residues of chlorothalonil which is a non-systemic chemical [26] were observed only in peel samples of apples regardless of the presence and absence of cuticular waxes (Fig. 2c, d ). This non-systemic property of chlorothalonil had been also observed in other study that tested for foliar-sprayed tomatoes [27] . Moreover, similar to experimental results of azoxystrobin, residual concentrations of chlorothalonil in the peel of WRT apples increased slightly over time (446.6-581.0 ng g −1 ). As mentioned above, the increase of chlorothalonil concentrations in the wax-removed peel may be attributed to the increase in weight-to-volume ratio of apples by the consistent loss of internal moisture during the incubation period. Actually, weights of WRT apples reduced slightly during the incubation (mean 278 ± 20.8-214 ± 18.2 g; detailed data not shown).
Experimental results of azoxystrobin and chlorothalonil described so far could not show obvious effects of cuticular waxes on the permeation of fungicides into the pulp, even though the wax removal treatment contributed to increasing fungicide concentrations in apples by promoting losses of the internal moisture. To better verify such effects of cuticular waxes, some of collected apple samples were carefully washed with the use of detergent, and the fungicide residue concentrations were then analyzed for each divided tissue samples.
Fungicide residues after washing treatment
By washing treatment with running tap water, significant residues of tested fungicides were removed from all of apple samples. For raw apples, 52.3-69.2% of azoxystrobin residues were washed out ( Table 4 ). The azoxystrobin removal extents by washing treatment were similar or slightly lower than those extents observed for other food samples: 72.5% for tomatoes [28] , 75% for grapes [29] , and 45% for strawberries [30] and 63.7-100.0% for Chwinamul, spinach, and perilla leaf [31] . Most of the residues remaining in washed apples were present in the peel, at concentrations of 63.5-103.1 ng g −1 (46.0-53.0%) (Fig. 3a) . These concentrations in the peel were 3.3-5.3 times less than those in unwashed apples. However, the azoxystrobin concentrations in pulp-1 (8.4-14.2 ng g −1 ; 45.9-54.0%) and pulp-2 (2.5 ng g −1 ; 4.4%) were similar before and after washing treatment. These results may show that some of azoxystrobin residues deposited on the surface of apples can remain in the irremovable Table 3 Residual concentrations of azoxystrobin and chlorothalonil in each divided tissue sample of raw and wax removal-treated (WRT) apples after submerging in diluted solutions of fungicide LOQ limit of quantification, 2.0 ng g 
state against the washing treatment, by being embedded in cuticular waxes and tissues. Adjuvants present in the commercial product of azoxystrobin also may affect the adhesion, cuticular permeation, and irremovable residue of active ingredients to the surface of apples [3, 32] . For WRT apples, 75.8-87.0% of azoxystrobin residues were removed by washing treatment. Unlike the results for unwashed apples, the azoxystrobin concentrations in washed apples were lower in the wax-removed samples than in the samples that did not remove cuticular waxes. After washing treatment, azoxystrobin concentrations analyzed in the wax-removed peel were 29.6-52.0 ng g −1 (34.1-55.3%), which were approximately 2 times smaller than those for raw apples (Fig. 3b) . Moreover, the residual concentrations in the pulp of wax-removed apples were determined at 4.2-13.3 ng g −1 (44.7-58.5%) and 3.1 ng g −1 (7.4%) for pulps-1 and -2, respectively. These results indicate that a fraction of azoxystrobin residues in WRT apples could be reversibly released out from the tissues during the washing process.
The extents of chlorothalonil residues removed by washing treatment were 84.5-91.1% and 98.3-98.5% for raw and WRT apples, respectively (Fig. 3c, d ). Similar to the results for azoxystrobin, larger chlorothalonil residues were washed out from WRT apples than from raw apples. All chlorothalonil residues after washing were detected in the peel samples (37.5-63.2 ng g −1 and 7.6-8.9 ng g −1 for raw and WRT apples, respectively), and this clearly shows non-systemicity of chlorothalonil. Fortunately, residues of chlorothalonil used on apples could be completely removed, if the apples were thoroughly washed in running water and then peeled. Previous study reported that 92% and 96.3% of chlorothalonil residues in the post-harvest apples could be removed by washing and peeling processes, respectively [27] . In this study, the residues of chlorothalonil observed in wax-removed peels of washed apples may be fractions of fungicides which were subjected to sorption and/or bound-residue interactions with cuticular tissues. 
